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Systems Approach Neaded for NTR Design Optimization

Nuclear rocket engine systems, like chemical engines, require a syslems-oriented approach to the selection and
refinement of an n. This approach stresses that all subsystems and components must be optimized or
designed together; the goal is to achieve the best possible overall system design.

A well-anchored and validated steady-state design model is required, one which treats ali important characteristics
and phenomenology of the system elements, together with technology fimits and consiraints. The program must
provide sufficient design detail to fully characterize the engine system, and lo provide confidence in the design. The
detalled system design fe is also passed to the Steady-State Off-Design and Transient models, whare it lorms the
basig of the hardware description needed to initialize the off-design or transient simulation.

Rocketdyne's Steady-State Design Optimization model is based on known and proven methodologles such as those
shown. ht performs a “rubber engine” conceptual design, and uses scaling only when appropriate. Physical or first-
principles component models are preferred. The code performs constrained optimization, with both implicit and
explich constraints. These consiraints reflact technology level, risk, reliabliity, and other limits on the design, and
heip to ensure that a practical and achievable design |s obtained.
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Systems Approach Needed
for NTR Design Optimization

« All elements of engine system optimized together

+ Reactor « Controls
+ Turbomachinery « Nozzle and throat
» Feed System « Cooling and heal exchange

» Design model based on anchored and proven methodologies

« JANNAF Performance Prediction
+ NBS {NIST) Thermodynamic Properties
+ CPIA 248 Expansion Process Losses

» "Rubber Engine" conceptual design versus scaling approach

« First principles analysis where appropriate
+ Provides deslign detall

« Reflects technology level and design constraints

- Technology year
- Risk/reliabllity/cost

Generic NTR Engine Power Balance Codes

Rocketdyne's approach to NTR engine system modeling ulilizes three separale codes, which are lnked by a

common hardware description file. The Steady-State Design Optimization program develops an optimized system

Cesign, based on user Inputs, a schematic description tiie, and optimization constraints. The output of the design

gor%gmm Is a hardware definition file which can be passed to the Steady-State Off-Design code or to the Transient
8.

Both of the latter codes (SSDO and TRANS) are off-design models in the sense that they seek 1o analyze the
behavior and responsa of fixed hardware to changes In conlrol settings, component characteristics, or
start/shutdown. Design Optimization mode! is an “on-design”™ model, or “rubber engine” model, which seeks to
find the bast design opereling point 1o mest user requiraments and technology constraints.

NP-TIM-92 609 NTP: Systems Modeling



Generic NTR Engine Power Balance Codes

Steady-State On-Design

and Optimization
(SSODO)
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Rocketdyne Nuclear Thermal System Code

Herltage/Pedigree
The Rocketdyne NTR system models have been under continuous devalopment at Rockeldyne since 1975, undar
both company and government funding. These codes lorm the basis of the company's engine preliminary desig
capabiliity.

These codes or variants have been successfully utilized to design a variety of flight-type engine systems, including
the RS-44, XLR-132, STME, STBE, RSX, and IME engines.

In addition, the codes have been validated by generating “designs® for current and past hardware, including F-1, J-2,
SSME, and Russian engine designs.
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Rocketdyne Nuclear Thermal System Code

Heritage/Pedigree

« Elements of engine system model under continuous
development since 1975.

- Used as preliminary design and optimization tool at Rocketdyne.

+ Used to design:

ASE
RS-44
XLR-132
STME
STBE

RSX
IME

20,000 Ib thrust O2/H2 space engine

15,000 Ib thrust O2/H2 space engine

3,750 Ib thrust NTO/MMH space engine

650,000 Ib thrust O2/H2 space transportation engine
750,000 Ib thrust O2/hydrocarbon booster englne

237,000 Ib thrusi O2/RP-1 booster engine
30,000 ib thrust O2/H2 space engine

- Validated against current and past hardware:

F-1
J-2
SSME

’l‘ Rockwefl Internationsl

Sartekiyne Dvtsion

Russlan RD-170 booster engine

Russian RD-0120 engine

Russian RD-701 tripropeliant engine

Code History

This chart illustrales the continuous, ongoing effort on the Nuclear Thermal System Model and its precursors.
Rocketdyne Internal funding has supplemented a serles of NASA contracts in development of a robust, validated
and flexible engine system modeling code. Recent work (since 1987) has focused on modifications to the code 1o
enable modeling of Nuclear Thermal Rocket systems. A recent Air Force study, the Sale Compact Nuclear
Propuision study, ulliized results of the code. Ongoing Rocketdyne in-house studies have also made exlensive use

of the code results.

611

NTP: Systems Modeling



Code History
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NTR System Model--Code Features

Key features of Rocketdyne's NTR system model include variable schematic analysis, high-fidehty propellant
properties, prismatic core geomelry, accurate turbomachinery,heal-transter. and periormance estimation algorithims,
and a nonlinear, consirained optimization routine.

The vanable schematic capability uses a data-driven approach, in which all design modules and algorithms are
contained within a single program, and appropriate modutes are called under control ol an executive which
travarses the input schematic network. This is different from a varlable-code approach, in which a new model is
generated and re-compiled for each new system configuration. The data-driven approach maximizes code flaxibility,
does not entail difficulties in traceability of code resulls, and enables higher-speed modeling (no compile step).

Well-anchored turbomachinery and heat-iransfer caiculalions are included, which improve mode! accuracy and
enhance confidence in the resulting system design.

Use of NBSYNIST and JANNAF propellant and perlormance methods aiso increases code fidelity.

The non linear, constrained optimization routine enables comparison of competing candidale system configurations
on a common basis; |.e., "best possible” design points for all candidates can be compared.
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NTR System Model

Code Features

» Variable Schematic

« Code flexibllity
« Ease of modeling new concepts
« Fixed code/variable data

» NBS/NIST Propellant Properties

« Accurate energy balance
« Accurate flow schedule

+ Hydrogen, methane, CO2, or ammonia propellants
+ Prismatic reactor core geometry
« Particle-bed and wire-core may be added
+ NTR-Unique components
« Cooled structure
+ Reflector/moderator
+ Nozzie heat load accounting
» Rocketdyne Turbomachinery Design Routines
+ Historlcally-anchared T/M performance and envelope
+» Cenltrifugal or axial pumps
- Rocketdyne Heat Transfer Correlations
+» Accurate prediction of jacket heat loads and AP

« JANNAF/CPIA Performance Estimation

» Accurate and rapid delivered performance prediction
« Accounts for all loss mechanisms (B/L, Kinetics, Divergence}

- Nonlinear, Constrained Optimization Capability
* « Minimize or maximize any system variable
Rockwell Internationel

Reckewtyns Divisten

Software Capabilities

The prasent code is capable of optimizing the system design for Nuciear Thermal Rocket engines in the 10,000 10
250,000 pound thrust range. Key features of the code include the input-controlled varieble schemalic analyis
capabiiity, detalled NBS (NIST) hydrogen properties, a graphic preprocessor (which eases user Interaction with the
modai), and mulipls component capability. The muitipls component fealure enables modaling of engine systams
with multiple redundent turbopumps, and design of sysiems capable of pump-out operation.

Transter of angine system design information from the design module to the ofi-design or transient code I1s possible

Future (pianned) enhancements to the existing models includes incorporation ol additional propellants such as
ammonia, carbon dioxide, and methane. These propellants have been mentioned as possible allernale propeilants,
especially for in-situ propellant-based missions. A graphic post-processor Is being prepared, which will present the
code output In graphical form for ease of Interpretation.

Work on the Steady-State Off-Design and Transient codes to incorporate higher-fidelity nuclear elements is pianned.
The ofi-design models will also be exiended to enable spacification of as-measured hardware characteristics (such
as pump H-Q maps, turbine maps, etc.).
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Software Capabilities

» Current
Optimize and size engines of 10K to 250K thrust
input-controlled variable-schematic capability
Hydrogen propellant
Graphic preprocessor
Multiple component capability: 40 components
Automatic configuration transfer
Steady-state design optimization

« Future
Other propellants: Ammonia, CO2 yCH,
Graphic postprocessor

Steady-state off-design and transient models

Off-design models will accept actual hardware characteristics

Steady State Model

The Steady-Siate Design Oplimization model accepts user inputs consisting of general user inpuls (thrust, chamber

pressure, area ratio, eic.), a schematic deflnition file, optimization specilications and constraints, and reads data from

a knowledge base which provides propellant praperties, theorelical performance tables, and other information on h
components and subsystems.

The major elements of the Steady-State model include a schemalic analyzer, component models, optimizer,
thermodynamic state computations, and psriormance calculations.

The Schematic Analyzer uses the user-input schematic definition file to develop the interconnections belween
the engine system slements. The schematic is described in terms of a grid or array ol nodes and the conneclions
bstween the nodes. The schematic anslysis routine controls the flow of the program by repeatedly iraversing the
component/node network until convergence has been obtained.

Comp dels provide sigorithms fbing the operation, design and sizing of the sngine system
components, such as turbopumpe, heat-exchange e , reactor, structural jacket, and nozzle.

The Optimizer varies selected independent variables (such as pump speed, turbine pressure ratio, or chamber
pressure) in order to minimize or maximize a selecled object funclion subject to a set ol constraints.

Thermodynamic state compulations are performed under control of the schemalic analyzer to track the detailed
thermodynamic state of the propeflant at each engine sysiem station.

Performance calculations are performed in order o develop theorelical and delivered engine and thrust-

chambser preformance and associated loss terms based on nozzle geometry, operating temperature, and inlel
propeliant stale.

in addition to providing an optimum dasign point, the model can be operated in & parametric mode 10 enable
generation of parametric curves which describe families of similar system designs. Printed reports and a hardware
deflinition (e are aiso produced.
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Steady State Model

Run-Time Inputs

r ————— 1 B -Vs}slo»n; #nu;l-nomcs
User l
Inputs |
I - \—/
Schematic I
Definition | Steady-State SIS TENESNEREY
Optimization

k\\* Model
| + Component Models

« Schemalic Analysis

« Optimizer

» Thermodynamic State

+ Performance Calculations

I
l

Optimization |

{Specification| | R A
l Theoretical

Performance
Tables

Limits &
Constraints

Propellant
Properties

Printed Report (Detalled Balnnce)

Expansion
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Tables

Component
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NTR Engine Optimizer Code -- Logic

This chan ilustrates the biock-lavel logic of the Steady-State NTR design code. The ligure shows that the main
control routine Is responsible for driving the schematic analysis and performing component sizing and performance
calculatlons. The oplimizer routine is used to maximize or minimize a selected object funcilon by selecting a set of
independent variables which control one or mors aspects of component or subsystem design.
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NTR Engine Optimizer Code - Logic

Outputs
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Reactor Power Caiculation Logic

The Steady-State code presenily contains a lumped reactor model, which essentlally treats 1he reactor as a heat
source, but does not perform detailed reactor element sizing. An initlal estimate of reactor power (heat) is derived
from inputs of thrust, chamber pressure, and desired gas exit temperalure. Separale estimates of struciure and
reflector heat loads are developed based on correlations of detalied heat-transtfer analysis.

An initial estimate of the heat load from the reactor is made, from which the reactor exit enthalpy can be computed
The reactor outiet lomporalure Is then computed trom the lolal reactor heat and iniet conditions, and this temparature

Is compared with the d exit temperature. If r Y. the reactor heat is readjusted unilt the exit tsmperature
converges. Once the exit temperature Is known, the theoretical specific Impulse and C-star can be calcutated.

The reactor flowrate is then known, as is net reactor power level.
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Reactor Power Calculation Logic
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Sample Multi-Component Configuration

Redundant design configuration of NTR propuision systems is important due 1o the potential impact of an enging
failure on the mission and on the survival of the crew. Design of redundant turbopump sets and/or multiple
reactorthrust chamber sets is attraclive because it enables robust propulsion systems which can tolerate a single
tallure or even multiple fallures and continue to operate. Mission success and crew survival can be greally
enhanced by careful application of redundant design philosophy.

The NTR design cods is capable of modeling various system configurations which incorporate multiple turbopump
and reactorAhrust chamber sets. One possible type is the incorporation of fully-redundant powerhead and
reactorfthrust chamber assembiies, which are intended to remain non-operating unless/until one of the operating
sais falls. The ‘ailed set Is then shut down and the "spare” sel takes its place. Another possibilily is to dasign
multiple powerheadAhrust chambers which are designed to operate in parallel, with no spares. Fallure of a
turbopump or reactorhrust chamber would result in shutdown of the entire subsystem with continued operalion of
the remalni Rowemeads and reactorthrust chambers. A third option Invalves design of multiple turbopump sets, &
subset of which (say two out of three) are capable of operating all of the muitiple thrust chambers at their design
point. A failure of a pump sat would still allow on-design operation with the remaining turbomachinery. However,
prior to fellure, all utbopump sets would operate ofi-design (throttied or de-rated). Finally, the system can be
designed to enable failure of multiple thrust chambers, with the muitipie turbopump sets continuing to operate to
supply the remaining thrust chamber sets.

Loss of reactors has additional implicalions: A reactor will continue to produce power from decay heat and from
neutron leakage (from adjoining reactors in the engine cluster). Careful consideration of this continued heating must
be made from a mission-safety viewpoint, It may be necessary to jettison a failed reactor if the continued heating
cannot be adequately controlled and/or suppressed.
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Sample Muiti-Component Configuration

ON-DESIN HARDWARE CONFIGURATION HOMIHAL HARDWARE CONEIQUAATION
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Be

Configuration Preprocessor

This chart illustrales 1he graphical pre-processor. The preproceesor presents a grid on the leit side of the screen,
which is empioyed by the user fo draw the engine components and define Iheir interactions. A main menu (right side
of screen) selects modes and operations, and a sub-menu (1o left of main menu) presents component choices.

In use, the user selacts a component from the sub-menu and then indicales the inlet and exil node locations for the
selected component on the schematic grid. By successively adding components, the preprocessor builds an internal
representation of the schematic connactions, pressure drops, and componani charactsristics of the desired engine
sysiem configuralion. When complete, the achamatic description and other information is wrillen 1o an output file,
which can then be read by the Steady-State, Ofi-Design, or Transient codes.
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Configuration Preprocessor
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NTR Design Code Output

A typical printout of the Steady-State NTR design code is presented in this chart. As can be seen, the level of design
detail available is high. Sumemary printouts of reactor and nozzle design characteristics, tie-lubes (cooled structure),
performance, and turbomachinery design variables are included. A detailed listing of all propellani siate properties
at each system stallon is printed, and a system mass estimate is aiso provided.
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NTR Design Code Output
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100K NTR, Expander Cycle, Dual T/P--Centrifugal Pump

This chart illustrates a
post-processor is aval
by the post-processor.

em design balance performed with the NTR Sleady-State Design cods. When the graphic
e, an annolated schematic diagram similar to that shown will be automatically genarated
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100K NTR, Expander Cycle, Dual T/P*

ra2 Centrifugal Pump
1378
Wa114 61 {TOTAL, ROTH PLMPE
e 108 30
S /\\
||'.:m|n - DES'GN.V]\LU ES:
_—on PUMP FLOWRATE (TO1AL} 114 BLISEC
vy PUMP DISCHARGE PRESSURE 2.606 PSIA
8247 NUMBER OF PUMP STAGES ?
Pumg Pump PUMP EFFICIENCY T
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Check Valve Petime Turbina ) Sheck TURBINE INLET TEMP MGAR
—o{ Tuioe | 13018\ | Twbine fe— /Shut-of NUMBER OF TURBINE STAGES 2
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b4 o FUEL ELEMENT TRANSFERRED POWER 1,952 MW
Terror s CORE THERMAL POWER {FUEL ELEMENTSTIE TUBE) 2,050 MW
B S.an
ENGINE THRUST 100,000 LBF
Z NOZZLE CHAMBER TEMPERATURE 4800 A
/ Potaasy CHAMBER PRESBURE {NOZZLE STAGNA1ION) 1,000 PSIA
Turbine Bypase 12144 NOZZLE EXPANSION AREA RATIO 20001
NOZZLE PERCENT LENGTH 110%
VACUUM SIPECIFIC IMPPULSE. (D1 Livt II}I i 8/2 5 Sk
Heal loads are as foliows: Nozzie-con {lotal): 35.15 MW
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Reflector (total):  25.00 MW
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*Nole: Flows indicated are for one-half of system.

Future Activitles and Capabilities

Future capabilities to the NTR design software are listed in this chart. These enhancements are being added in a
series of A- and company-funded efforts. The space engine thrust chamber and main pump subroutines are
being upgraded to extend the thrust range over which they are applicable. Low pressure boost pump design
capability for zero-NPSH operation designs is being added. These two efforts ara being funded by MSFC for SEI
application. However, the code improvements will also be directly applicable 10 NTR modeling.

Company-funded afforts will complete the optimization of reactor power, envelopa, and weight, the full
impismentation of the pre- and post- processors, and the full implementation of the transient analysis reactor model
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Future Activities and Capabilities

Actlvity

Low pressure (boost) pump simulation
Reaclor power, envelope, weight optimization model
Upgrade space engine design optimization

Enhanced pre/post processors

Translent analysis model (feed system, thruster, and reactor)

m Rockwell Internationst

Rt ottyne (e ialen

Funding

NAS8-40000
Rocketdyne
NAS8-39210
Rocketdyne
Rocketdyne

Generic NTR Code at Rocketdyne
The Rockeidyna Generic NTR code provides design versatility for all aspects of NTR system analysis (design, off-

design, and transient), ease of use and user-iriendly features through variable schematic features and pre- and post-

Planned

Completion
November 1992
December 1992
January 1993
March 1993
April 1993

processors, and system versatiiity because It can be operated on a variety of platforms, including VAX, Cray, Alliant,

and Sun workstations.

As PC hardware continues to improve, It will soon be possible to port these codes to the PC platiorm and to operale

them with acceptable speed and accuracy.
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Generic NTR Code at Rocketdyne

Design Versatility: Design Point Optimization
Off-Design

Transients

User Versatility: Variable Schematic
Pre/Post-Processors

Auto Configuration Transfer

System Versatility: VAX, CRAY, ALLIANT, Sun Workstations
Future: Improved PC platforms

‘x‘ Rockwell Internetionol

Aok asdyre Division

RYLIY e R

Rocketdyne NTR Model--Summary

This chart summarizes the essential message of this briefing: Rocketdyne has developed an NTR engine system
modeling capability which emphasizes Utility and Fidelity.

Utility is based on the codes’ flexibility and versatility, user-friendly features, ease of modification, and
documentation.

FideHty is based on use of first-principles methods, extensive validation against past flight designs and existing
hardware, and accurate component and performance algorithms. The codes are adequate for use in preliminary

design, screening, and trade studies. With further refinement and deepening, the codes will evolve into full “point-
design® modeis.

NP-TIM-92 623 NTP: Systems Modeling



Rocketdyne NTR Model

Summary

Utility Fideli

- Versatile « First-Principles Analysis Methods
+ User Friendly » Flight Engine Validated

- Easy Modification + Accurate Component &

« Fully Documented Performance Algorithms

» Preliminary Design-Level Support

* Nochwell hiternationnl

Rocheldyns Divieion

Nuclear Thermal Rocket Modeling Directions

This chan ilustrales Rocketdyne's vision of one possible direction in which NTR madoling aclivities mighl proceed.
We believe that a collaboration among NASA/DOE, end-users, and industry will bring major benelits lo the codos
and models which are ullimately developed. Indusiry brings capabiities which compliment and enhance those
already in place al NASA centers and neational Iaboralories. Usars concerns must be addressed to ensure thal the
cgnddowlaloped Tu usabie and meel actual needs. NASA/DOE leadership and direction are crilical to successiul
code development.
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Nuclear Thermal Rocket Modeling Directions

NASA/DOE

» Expartise
- Design Base

prietary Codes « Research Base

« interagency Modeling Tean

Future
Codes
+ Utility
« Fidelity
* Avallability « Reference Code(s)?
« Standards (JANNAF/NIST)
q‘ Rockwell Internationn!

Ruchriyne Divieon

NP-TIM-92 625 NTP: Systems Modeling



